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ABSTRACT

The potential of spherical glass shells for deep-submergence applications
was explored by determining the hydrostatic-collapse strength of 20 hemispheres
of annealed Pyrex glass. The experimental collapse pressures, which ranged
between 6700 and 43,250 psi, were adequately calculated using an empirical
design equation for the elastic huckling strength of tnitally imperfect spheres,
Maximum stress levels of about 300,000 psi were obtained in these tests, These
results do not demonstrate the maximum compressive strength of Pyrex glass
since each failure initiated in the elastic huckle range, The tests verify eaclier
calculations which indicated that spheres of Pyrex glass or of other “hridgmanite’”
materials have an outstanding strength-to-weight advantage over any other type
kull using known materials. However, the long-term mechanical propertios of glass
in a marinc-environment must he evaluated before its potential for deep-zubmergence

applications may he properly assessed.

INTRODUCTION

Glass has a rather poor reputation as a structural matecial. It is generally accepted
that annealed, unstrengthened glass (glass without an initial compressive stress near it
surfaces) is susceptible to catustrophic failure initiating in its surface when under relatively
low tensile loads. Recent advarces in the chemical strengthening of glass, however, gready
increase its ability to resist tension loads and make it appear very attractive for many struc-
tural applications,

. Unti! receatly, the exteemely high compressive strength of glass, both in the annealed
and in the surface compressed condition, was a somewhat lesser known property, Little
attention has been drawn to tests conducted by Bridgman,! which demonstrated the unbelioy-
‘ able resistarce which glass offers to compressive londs. By subjocting thick-walled glasse
cylinders with about a 3 to 1 ratio of external to internal radius to pressures of 400,000 p=i,
7 Bridgman obtained calculated compressive stress levels of $00,000 psi without {ractures

Unawnre of Bridgman®s earlier work, and in search of new materials for deep-submers
gence applicutions, the David Taylor Model Basin conducted exploratory hydwmstatic tests
of 20 long, unstiffencd cylinders of No. 7740 glasse? The results of this study indicated

that glass, with its high compressive strength and relatively low weight, has.considerable

tential as a material for deep-depth hulls, Specifically, caleuladions bazed on these test
R}

‘Refurences are listed on page 21,

*The full detials of these varly experiments have been lost. However,-it 18 probable that the glass was @

sodaslime glass since Pytex was not available at that time,
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3.3 indicated that glass spheres have

resuits and those of near-perfect aluminum hemispheres
a potential of demonstrating far higher strength-to-weight ratios than attainable by any other
type hull using currently availabl> materials,

To positively demonstrate the performance of spherical glass shells, 20 glass hemi-
apheres were tested-to collapse under external hydrostatic pressure. This report summarizes
these test results, compares the experimental collapse pressures with pressures calculated
using an empirical equation for near-perfect spherical shells, and compares the strength-

weight characteristics of glass spheres with those of spheres of other materials,

BACKGROUND ON RECENT MOGEL BASIN TESTS OF
MACHINED SPHERICAL SHELLS

The classical small-deflection theory for the elastic buckling of a complete spheré was
first developed by Zoelly in 1915 and has been summarized by Timoshenko.® In this analysis
it is assumed that buckling will occur at that pressure which permits an equilibrium shape
which iz minutely removed from the perfecly spherical deflected shape. The general expres-
sion for this classical tuckling pressure p_, may be given as

. 1py2
- KE(A'R) (l

1-v

where K is a buckling coefficient,

E is Young's moduius,

& is the shell thickness,

R is the radius to the midsurface of the shell, and

v is Poisson’s ratio,

A small-deflection buckling coelficient K, of 1.15 was obtained by Zoelly for initially
perfect spheres, Thus, his classical small-deflection, linear buckling theory for initially
perfect spheres may be expressed as

115 E(A'R)?
Py = LIAE(AR)” 2]

i

Unfortunacely,. the very limited data existing prioe to recent Model Basin tests do not suppor:

the linear theory; elastic buckling coefficients of roughly onesfourth the classical value were
observed in carlier tests recorded in the literature,® Various investigators have attempted
t» explain this discrepancy by intraducing nonlinear, large-deflection shell equations, In
effect, their expressions for the theoretical buckling pressures resulting from the nonlineas
cquations take the same general form as Equation {1l However, the elastie buchting coulfi-
cieats are often about one-fourth of the classical covfrivtiut & and thus are generally in

«
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fair agreement with the early experiments. A more complete background on-these larae
deflection analyses is given in References 6 and 7,

The test specimens used in the carlier tests, the result= of which have heea frequently
compared to the theoretical huckling pressures for inttially perfect =pheres, were formed from
flat plates. Thus, although little data are available, it can be a==umed that these early speci-
mers had significant departure from sphericity as »ell as variation= is thicknes< and reriduni
streszes. Those specimens which were not complete spheres also had adverse bosndan
conditions. Since initial imperfections affect collap=e strength, the compari=on of exiziing
theory, both linear aad nonlinenr, with the early experiment= i= not valid, Undl very recentdsy,
however, no attempt has heen made to theoretically evalizate the effect of initial imperfectivas
on the collapse strength of deep or complete spherez.

To clarify this rather large discrepancy hetaeen the classical buckling pressure nad
the early experimental data recorded in the literature, the Model Basin has launched a racher
extensive expecimental program.® Test specimens are being machined a= well as marufectured
according to feasible large-scale fabrication procedures. To date, however, most of the
results have been ohtained from small machined models. Although thi= program i= at a rela-
tively early stage, advances have been made in understanding the collapse mechani=z: and
in the rational design of spherical shells.

Three series of models have been machined o study the experimental collap=e streagth
of neac-pecfect deep spherical shells.3:%7 Ratios of experimental collapse pressure to the
pressucre obtained from classical small-deflection theoey of about 0.7 10 0.9 were obtained,
These ratios are considerably higher than the ratios obtained in previous tests recorded ia
the literature, and they demonstrate the detrimental effects of initial imperfections on collapse
strength. Since these models had small, unavoidable imperfections, the experimental cezults
lend considerable support to the validity of the small-deflection analysis for the elastie
buckling strength of initially perfect spheres,

The effect of initial imperfections ot unevenness factors on the clastic buckling coeffi-
cients obtained in receat Model Basin tests of deep sphecical shells is discussed in Refec
ence 4 and shown graphically in Figure 1, [t is illustrated in Figuee 1 that ao single buckling
coefficient may be used in Equation {1] to calculate the strength of spherical shells which
have varying degrees of initial imperfections. However, it is also tllustrated in Eiwucee 1
that although the classical buckling cocfficient is appacently valid for perfect spheres, it is
impossible to manufeluce OF measure most spherical shells with sufficient peefection to
justify the use of the classical equation in desiyn.

Based on the results présented in Figure 1, the Model Basin has recommended the

following empirical equation for the elastic buckling strength of nearperfect sphores, et ?

*Thix program covers both the viustic and inclastic streagth of sphestcal shellse Since this present stadv as
concemed with elustic streagh only, o discunsion of ielastic strength s amutreds
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) 0.8 E (h/Ry)°
2 3 = 3
1-42 |

where the use of the outside radius R is dictated by simple load equilibrium. In developing
Equation (3] as a design equarion, a sphere was coensidered-near-pecfect when its departures
from sphericity over a critical lesgth as defined in Reference 7, were less than 2 1,°2 percent
: of a shell thickness. If small variations in shell thickness are present, the minimum =hell
| thickness 4 should he substituted for A in Equation [3).
Tests have recently heen conducted on machined deep spherical shells »ith known flat
: spots and thin spots.® Tc calculate the collapse strength of these iritially imperfect spheri-
cal shells requires a close examination of the local imperfections. A preliminary evaluation
of these test results, together with results of machined spherical segment= with clamped
i houndaries” indicates that the elastic buckling strength of initially imperfect sphecical shells
is essentially a function of the local curvature and thickness of a segment of critical arc
dlengt L _. This critical length is approximated by
2.2 (K, k)"
Ly =— (4l
(374 (1 - 31"
The notation used for the impecfect shell is shown in Figure 2.
Thus, the elastic buckling pressure of an initially imperfect spherical shell may be

estimated by using the following formula:8

. 088 pha
Py = l—u'z( ) (5]

Recent tests have also been conducted on hemispherical shells with vacying boundary
conditions.?  These results have not been completely evaluated, However, test results of
« shells with rigid boundaries indicate that clamping the edge of a hemisphere may cause it to
b ; collapse elastically at a pressure about 10 to 20 percent below the collapse pressure of o
complete sphere of the same thickness-to-radius ratio and the same magnitude of initial

impuorfections,

DESCRIPTION OF MODELS

Two series of ten hemispherical models of anncaled Pyrex-brand borosilicate glass

were procured, ‘Pyrex-beand glass, which is designed by Corning Glass Works as No. 1740,

has a Young's modulus £ in the annealed condition of 9.07 « 10° psi, n Poisson’s ratio of
.o . - w . .

0,19, and n specific gravity ol 2,239 One series of models, designated Models A through J,

was manufactuced by the National Bureau of Standards, These models were obtained by
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parting a hand-blown spherical shell o provide an approximaie 150-deg segment and by hand
lapping the parted surface on a glass plate. The second series of models, manufactured by
the Fisher and Porter Company and designated Models 1 through 10, was obtained by grinding
and polishing a molded shell on all surfaces.

The wall thickness and local outside radii were measured lor each model at predeter-
mined orientations. In addition, the minimumn shell thicknezs was alzo measured and recorded
with respect to its angular orientation, The wall thickness of the haad-blown model= was
measured using a micrometer; the thickness of the ground and polished models was measured
using a support and a dial gage calibrated in 0.0001 in. The local outside radii were meas-
ured in an identical manner for each model. The radii away from the-edges were ohtained by
use of a dial gage suppocted by a hollow cylinder with an inside diameter of 0,53 in. Fiest,
the hollow cylinder with the attached dial gage was placed on a =olid zphere of known radius
and a reference reading was recorded, Then the support cylinder was placed on the =pherical
glass surface and dial readings were recorded at various orieatation=, By geometrically
relating the dial reading ohtained from the reference sphere to those obtained at various
orientations on the glass hemispheres, the local outside radius £, over 0.53-in. chord lengths
was obtained. The local outside radius of the edges of the hemizpheres was assumed to be
equal to one-half the measured diameter. Photographs of these inspection procedures are
shown in Figure 3. The measured wall thicknesses at various orientations are listed for the
two series in Tables 1 and 2; the minimum measured wall thicknesses, the measured focal
outside radii at the point of minimum thickness, and other significant model dimensions are
given in Table 3,

The calculated local outside radius over a 0,533-in. chord length varied considerably
for the hand-blown models although in no instance did the variation occur abruptly, The
calculated outside radius of the ground and polished models ways, for all practical purposes,
constant for each model, Thus, the variation in thickness for the ground and polished models
was evidently a result of local varintions in the inside radius and the improper location of

the inside radius with respect to the outside mdius,

TEST PROCEDURE AND RESULTS

Each model was sealed by plucing PRC sealing compound between the glazs and o
heavy steel end plate and then subjected to exteenal hydrostatic peessure in the 3-in., 50,000-
psi pressure tunks Pressure was applied in inceements during each teste Ench new peessure
was held at least t min, and the final pressure increment was less than 5 peccent of the
maximwm pressuee applieds Model 9 was removed from the tank and inspected after being
subjected to a pressure of 38,500 psic No damage or leakage was obseeved and, therefore,
Model 9 was piaced back into the tank and tested to collapse, No visual inspection of any

other model was made during the tests,
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The experimental collapse pressures are presented in Table 4. Coilapse of each model )
occurred in a sudden,-unmistakable fashion and left a completely crystallized residue. Figure 4 1
shows a typical model bafore and after te3t. Scine of the models collapsed while pressure was |
heing applied and others collapsed while the pressure load was being held constant. In no

case wasg a “‘fall-off” in pressure observed prior to collapse.

DISCUSSION

Since all models had variations in thickness and initial departure from midsurface
sphericity, their collapse strength can best be calculated using the empirical Equation [5].
Figuré 5 presents a comparison of the experimental collapse. pressures with the pressures
calculated using Equation [5]. A summary ¢f the measured and calculated geometry of the
local imperfection, which was assumed to center ahout the point of minimum measured thick-
ness, is given in Table 5. The measured local-outside radius R, is assumed to be equal to
Rlo for the hand-blown models since the average shell thickness over a critical length was
not significantly greater than the minimum measured thickness. In addition, it could not be
determined from the limited data recorded whether the local reduction in thickness occurred
at the inner surface, at the outer surface, or at hoth surfaces.

The agreement between experimental collapse pressures and the pressures calculated
using empirical Equation (3] was fairly good {or most models. In general, the models which
had thin spots near the edge of the hemisphere in contact with the steel closure plate
(Models C, E, F, G, H, and J) all collapsed at pressures below those calculated using
Formula [3]. This would be expected since previous tests have demonstrated that a rigid
boundary lowers the elastic buckling strength of hemispherical shells.? Al other models
excopt Model 8 collapsed at pressures close to or in excess of the pressures calculated
using Equation [5]. Although almost all models had considerable variation in thickness,
and thus would be considered impecfect; many of the models had practically constant radii
and thickness over a critical length. In additiod, all models had extremely smooth surfaces.
Thus, it is not surprising that soveral of the models collapsed at peessures approaching the
classical buckling pressure {or pecfect spheres when based on local geometry over a critical
length; i.o., some collupse pressures approach values 1.43 times the pressures calculated
using Equation [3]. These tests onve again support the validity of the classical small de-
flection buckling theory for pecfect spheres. As in the caso of machined metalic shells,®
however, it does not appear that spherical shells can be manufactured or measured o the
aceuracy requiced to rely on the classical equation foe design pueposes,

The average calculated stresses at collapse in Models 9 and 10, based on local
imperfection geometry, were almost 300,000 psi. Model 9 withstood stress tevels of almost
300,000 psi without any visible cracking ot permanent set. Since the collapse of Models
9 and 10 as well as all othor models was apparently elastic (see Figure 3), these tests do not

demonstrate the mazimum steength of No, 7740 glass. However, it appears safe to conclude on ;
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the basis of these tests that annealed No. 7740 glass has a compressive strength in excess

of 309,000 psi. In -fact, these tests certainly-do not cast any doubt on the validity of Bridgman’s
work.in which he obtained stresses of 500,000 psi in glass without causing any permanent
deformation.! For practical deep-submergence applications, therefore, certain glass may he
assumed to have an infinite compressive strength.

The strength-weight characteristics of these models are shown in Figure 6. The experi-
mental points in Figure 6a are based on local geometry and thus represent weight-to-displacement
ratios for essentially near-perfect spheres. The experimenial data in Figure 6b ace based on
average measured thickness over the entire model and on nominal outside radius. Figure 6
demonstrates that the strength-weight characteristics of spherical glass shells, as well as of
any other type of spherical shell, have little-meaning unless local geometry is adequately
defined. Figure 6 aiso demonstrates the influential role which manufacturing tolerances play
on strength-weight characteristics, or structural efficiency, of spherical glass shells.

The estimated collapse depth versus ratio of weight to displacement for near-perfect
spheres of various available materials is presented in Figure 7. The Model Basia empirical
design equation was used in all calculations. Since many of the malerials have nonlinear
stress-strain characteristics, the general form of Equation [3], which accounts for reductions
in secant and tangent modulus, was used.® 7+ 8 Typical stress-strain curves were assumed
in all calculations. It is apparent from Figure 7 that glass shows an outstanding strength-
weaight advantage over Such materials as high-strength steels, glass-reinforced plastics, and
aluminum and titanium alloys. For example, a No. 7740 glass sphere with a weight-displacement
ratio of 0.4 has a static collapse depth approximately 10 times that of an HY-80 steel sphere
of the same ratio. Pyroceram!? spheres show promise of providing even higher streagth-weight
characteristics than do No. 7740 glass spheres.

Although No. 7740 glass and Pyroceram are the only two glassy matecinls shown in
Figure 7, there aro many more materinls of this general type which give promise of yielding
oqual or even superior results, This fact has been emphasized by H.A. Perry of the Naval
Ordnance Lahoratory in a paper peesented at the cecent David Taylor Model Basin Workshop
on Deep-Submergence Hulls. Perry has given this class of materials the name “‘bridgmanites”
which he defines as follows:

**A class of synthetic solids with minimum yield strength of at least

one million psi and no croep at ordinary temperature. These solids are

inorganic and amorphous, but may contain ceystallites as a minor phase,

The major phase may be a macromolecule. The bridumanites include

silica, the high-silicate glasses and zlassy horon. The unique behavior

of the high-silicute glasses under high pressure was fiest recognized by

the late Professor P.W. Bridgman in whose memory this class of solids

iz named.™

Based on the phenomenal steengtheaweight.churactetistics ol bridgmanite atructures as.
demonsteated in Figure 7, fucther investigation of the poteatial of such hulls for deep- ;

submergence applications appears worthy, These possible applications range from glass

. -
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microballoons embedded in a plastic matrix, a3 currently being studied by numerous investi-
gators, to hulls for manned vehicles ranging in diameter from about 6 to 30 ft. The tests
reported herein have shown that on the basis of short-term static strength, the strength-to-
weight characteristics of bridgmanites are far superior to those of other matecials presently

considered for deep-submergence applications. However, the long-term mechanical properties

of bridgmanites in a marine environment have not been demonsuated. These critical properties
include tensile streagth, crack resistance, static fatigue (stress coosion), cyclic fatigue,

impact resistance, and creep. Until these material properties are determined under in-service
conditions for economically (easible structural elements, the potential of these materials for
deep-submergence applications cannot be properly assessed.

SUMMARY )

1. The experimental collapse pressures were adequately calculated using empirical
design Equation [5].

2. By obtaining isolated collapse pressures considerably above those calculated using

Equation [5], these tests support the validity of the classical small deflection theory. for
: initially perfect spheres.

3. Maximum stress levels of about 300,000 psi were obtained in these tests. However,
these results do not demonstrate the maximum compressive steength of No. 7740 glass since

each failure-initiated in the elastic buckling range.

4. Manufacturing tolerances have a significant effect on the strength-to-weight character-
istics of spherical glass shells.

5. Spheres composed of No. 7740 glass and other bridgmanite material have an outstanding
steength-to-weight advantage over any other type hull using known materials. For example, a
No. 7740 glass sphere with a weight-to-displacement ratio of 0.4 has about a 10 to 1 hydro-

static strength advantage over an HY-50 steel sphere of the same w'-eight.

6. The long-tarm mechanical properties of bridgmanites in a marine environment must he
' evaluated before the potential of these materials for deep-submergence applications may be
properly assessed.

RECOMMENDATIONS

l. Long-term mechanical properties of bridgmanitos (such as tensile streagth, crack
resistancoe, static fatigue, cyclic fatigue, impact resistance, and creep) in & marine environment
should bo investigated.

2, A comprehensive investigation should he conducted of the potentials of bridgmanites

ns structueal memboees or components of naval vessels and weapons and the problems involved
in theie use,
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Figure 3a — Measuring Local
Qutside Radius

Figure Jb = Meusuring Wall Thickness

Fizure 3 = Model during Inspection
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Figure 4b — After Test

Figure 4+ ~ Model before and after Tost
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TA

BLE 2

Measured Shell Thicknesses, Ground and Tclished Series

Weasured Shell Th cinass, in,

Curcuntarential Winenua | Onentatian of Yiniun
agzar | Corentation Vedical Ousentation, deg Thciaess Thickness, ¢eq

deg 0 5] 85 [ SIS ) 30 |ers ] 45 S 0 n, Ciccuntecential | Yartiesl
0-130  §0.0¢14]0.0321 {0.0263{0.0235 [0.0253 [ 0.0215]0.0250 fo.u3ca [0.0433

! 90-210 | 0.0373]0.0273|0.0224)0.0229 [0.0253 | 0.0271{0.0315 J0.20343 Jo.oarg | 3020 %0 %
0-130 | 0.0371]0.025]0.023¢)0.0220 {0.0217 [0.0235 [0.0258 [0.0293 {0.0375

2 90-210 | 0.037511.030¢0.0220]0.0255 }0.0217 [0.0211 J0.0230 Jo.0306 [0.0394 | 0-0205 8§ 53
0-130 | 0.0498]0.0325]0.0241 ]0.0225 [0.0227 |o.02¢1 Jo.0272 Jo.0345 |o.0ant

3 90-200 | 0.0133f0.0311 [0.0248|0.6233 [0.0227 [0.6240 {0.0255 [0.0357 [0.0507 | 0.0223 u I
0-180 | 0.0508(0.0128 |0.0509" 9253 [0.0264 [0.0260 (0.0225 [0.0435 [0.3513

i 90-20 | 0.0508]0.0143 |0.0381 0275 |0.0254 [0°0248 |0.027% |0.0384 [0.0500 | 0006 9% 53
0-130 1 0.05290.0334 {0.027t |0.0261 Jo.0231 [o.0265 Jo.0238 Io.ozss 0.053% i

5 30-200 | 2.0559.0361 |0.023% |0.0253 J0.0291 [0.0272 {0.0294 [0.0370 Ja.osss | 0-02% n 5
0-130 | 0.0515]0.0393 [0.0317[0.0312 [0.0322 {0.0314 [0.0318 [0.0364 [0.0%33 )

§ | 90-210 | 0.04950.0365 J0.0322{0.0316 {0.0322 Jo.0314 J0.0321 {0,035 Ja.0502 | 99305 s 58
0-1a0 ] 0.0531]0.0417 |0.03670.0343 {0.0360 [0.0350 [0.0380 [0.0448 [o.0539

1 90-210 | 0.0549]0.0422]0.0371 ]0.0355 [0.0360 [0.0347 [0.0359 {0.0432 J0.0559 | 0-03%5 m 8
0-136 | 0.0500]0.0433 |3.0425 |C.0387 |0.0401 [0.0365 [0.0365 [0.0428 {0.0531

§ 90-220 | 0.055110.044210.0340 [0.0372 [0.0401 [0.0377 |2.0393 Jo.0460 [o.0570 | 9.03%9 15 3
0-130 | 0.6567]0.0442{0.0394 [0.0390 {0.0400 [0.0394 fo.0415 J0.0020 fo.em

9 90-200 | 0.06200.0444 [0.0400 {0.033¢ [5.0000 [0.0390 {0.0011 Jo.0064 [0.0530 | 0.03%0 0 §5
0-130 | 0.0s3{0.0479 fo.a2u [o.asat [0.0011 [2.0029 J0.0030 [0.0438 [o.0546

o 90-220 | 0.0539/0.0472 |0.0at6 Jo.001s 0.0011 [0.0430 [0.0432 J0.0083 Jo.537 | 00408 1o 9

18

R e o TIPS

.




TABLE 3

Measured Model Dimensions

90°*

N L

HEIGHT

-

-

|

Vettical Local
Aveage | wani " Angle [ Nominal | Qutside
. LT Mninym Locat Rad t .
Seties | Madel | nchness | Thickness | Thickness |4 ;‘,:,:::,. %“,l;':: uam::z,: Herght
Thickness Thickness
in, n, n, deg n, n, ",
A 0,012 0.03t 0.025 [} 0.75 0.793 0.757
B 0.0304 0.038 0.025 15 0.8 0.8 0193
[ 0.0304 0,033 0.0% 0 0.5 0.75 bR
H 0 0.0298 0.034 0.027 [M 0.5 0832 | 073
2 E 0.0313 0.004 0029 § 0.5 0251 083
o F 0.0428 0.067 0.032 ] 0.5 0197 0.30t
5 G 0.05%7 0.089 0.04t 0 0.5 0.755 0.73§
H 0.0543 0.080 0.049 0 0.5 0783 0.1
| 0.054 0.060 0.048 $ 0.5 0.8 0.73
) .o c.on 0.056 0 [ R 0.750 0.74%
I 0.0312 0.0479 00201 1 0.5% 0.55% 0.50¢
- hd 0.0284 0.01%4 0.0208 6% 0.54 0.550 0.52t
H 3 0.0319 0.0507 0.0223 0 0.5% 0.567 ['R}}]
= [} 00369 0.0513 0.0 §$ 0.58 0.570 [R}}]
by S 0,036 0.0538 0.0256 80 0.5§ 0.582 0.5
3 § 0.0374 0.0518 00338 $ 0.5% 0.580 0.5
2 ! 0.0428 0.0589 0038 1] 0.56 0.530 0.5
§ H 0.044) 0.060 2.01%% $§ 0.57 0.570 0.52%
© ] 0.0458 0.063t 0.0130 [} 0.6 0500 8
10 00484 0.0546 0.0433 0 438 0.570 0.937
*Eatimeted
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TABLE 4

Experimental Collapse
Pressures

Exgperimental
Seties | Model | Collapse
Pr2ssure

osi

5,750
9,500
3,150
1,300
8,400
9,350
13,300
29,000
33,750
14,500

16,250
15,850
16,450
17,250
19,450
21,000
21,500
27,250
39,000
43,25

Hand Blown

—e— X OOMMOC W >

Giound and Polished

L= T30 R AT S N RN

—

TABLE 5
Critical Imperfection Geometry

R
Senes | Modet | A, in. | A, in. | A,, in, -k-‘- R‘o' in,
A 10025 | 0.0 | 0025 {~1.00] 0753
8 |0.025 | 0.028 {0,025 0.825
¢ [0.02 |00 |00u 0.751
s | 0 |00y |02 |00 0.832
2| £ |00 {0030 |09 0.751
e | F [04032 | 003|003 0.7
S| 6 |000 |64 | 000 0.755
H | 0.049 | 0.051 | 0.050 0.753
t | 0.048 | 0.049 | 0018 0.847
) Jooss [oasafoosry ¥ [ 0gs0
1 ] 0.020t | 0.023 | 0.02t | 0.90 | .50
g | T [ 002081 0032 fo0al | 095 | 053
2 [ 3 [00223] 0023 {0023 0.98 | 0.55
S | 4] 0026] 0026 | 0.025 ] 095 | 0.548 ,
S| 5 J002% ) 0027 [ 0.026 | 035 | 0.545 ‘
S ] 6 ]00%0s| 002 )00 09 | 05K |
. g | 7 | 00s] 00 | 0035 097 | 0563 ‘
} 37~y [0y G038 {003} 098 ol s e e e e e e
i Sl o9 0030 0033 ] 0038 098 | 059 ;
: 10 | 0.0008] C.0a3 | 0.002 | 092 | 0.554 '
{ 4
é 5 !
) 20 }
!
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